Purpose: To evaluate the trends and variations in global health burden of glaucoma by year, age and sex, region and socio-economic status, using disability-adjusted life years (DALYs). Method: The DALY numbers, crude DALY rate and age-standardized DALY rate globally and in each country were obtained the GBD 2015 study database. The corresponding human development index (HDI) and gross domestic product (GDP) per capita were obtained from the United Nations and World Bank. Environmental data were obtained from the WHO Global Health Observatory data repository. Results: From 1990 to 2015, the DALY number and age-standardized DALY rate due to glaucoma increased by 122% and 15%, respectively. Both male and female showed similar increasing trend with ageing, with the peak at 60 years old and increasing again since 75 years old. Sex disparities in DALY number were noted, with higher burden among female than male in each age group (all p < 0.001). The health burden of glaucoma was substantial unequal, with Gini coefficient of 0.865 for DALY number, 0.235 for crude DALY rate and 0.254 for age-standardized DALY rate, respectively. The age-standardized DALY was significantly associated with HDI, accounting for 22.2% variance across countries (R 2 = 0.222, p < 0.001). Similarly, the GDP per capita was inversely associated with age-standardized DALY rate but can explain only 10.6% variations in age-standardized DALY rate (R 2 = 0.106, p < 0.001). The agestandardized DALY rate due to glaucoma was positively associated with national levels of ultraviolet radiation and PM 2.5 . Conclusion: The health burden of glaucoma continuously increased in the past 25 years and distributed unequally. Lower socio-economic level, older age, female, higher ambient ultraviolet radiation and higher level of air pollution were significantly associated with higher burden of glaucoma.
Introduction
Glaucoma is the leading cause of irreversible blindness worldwide, accounting for 8% blindness in 2010 (Pascolini & Mariotti 2012) . Glaucoma affected 64.3 million people in 2013, which will be increased to 76.0 million in 2040 and further to 111.8 million in 2040 (Tham et al. 2014) . Its distribution was extremely disproportionate, with about 60% of any glaucoma and 76.7% of primary angle closure glaucoma (PACG) in Asian, with 60% of world population is also in Asia (Tham et al. 2014) . With the population ageing and elongation of life expectancy, the number of people with glaucoma was expected to continuing elevating. Glaucoma poses substantial economic impact. The cost of glaucoma care for Medicare beneficiaries in United States arrived at 748 million dollars in 2009, and the PACG ranked the highest category (Quigley et al. 2013) . From 2005 to 2025, the direct medical cost of primary open angle glaucoma in Australia increased from $AU1.9 to $AU4.3 billion (Dirani et al. 2011) . Concomitantly, glaucoma caused health loss such as declining in quality of life, increased risks for fall and mortality (Xu et al. 2009; Ramulu et al. 2012; Abe et al. 2016) .
The health burden of glaucoma was previously quantified by disabilityadjusted life years (DALY), which is a combinative indicator for overall disease burden reflecting the healthy life lost from the disease onset to death. It was calculated by summing the years of life lost due to premature mortality and years lost due to disability (GBD 2015 DALYs and HALE Collaborators 2016) . Knowledge of trends and variations in health burden of glaucoma are informative for health policy planning and resource allocation. In our previous study, we found that the cataract DALY increased by 89.42% in the past 25 years and distributed unevenly worldwide (He et al. 2017 ). The socio-economic inequality has been proposed to be contributed to maldistribution of disease burden (Soerjomataram et al. 2012; Stringhini et al. 2017) .
Our previous studies found that the national socio-economic development was independently associated with the overall prevalence of vision loss, quantity and quality of cataract surgical service (Wang et al. 2016a,b; Wang et al. 2017a, b) . It was plausible to hypothesize that the socio-economic level contributes to the global disparities in glaucoma burden. However, the impact of socio-economic development on glaucoma burden remains unclear. In addition, whether the status of glaucoma services has improved in the past decades was unknown. To fill these knowledge gaps, we furthered our previous analyses using multiple disciplines data to (1) evaluate the trends and variations in global health burden of glaucoma, and (2) identify its association with national socio-economic development.
Materials and Method

Data sources
The GBD 2015 study provides a particular perspective for health burden of 315 diseases and injuries across 196 countries/territories. We obtained DALY due to glaucoma from the GBD study database (http://ghdx.healthdata.org/ gbd-results-tool) (Global Burden of Disease Study 2015). The DALY numbers, crude DALY rate and age-standardized DALY rate globally and in each country were included. The corresponding human development index (HDI) was obtained from the United Nations Development Programme (UNDP; http://hdr.undp.org/en/data). The most common indicator for national wealth, gross domestic product (GDP) per capita, was obtained from the World Bank open database (http://data.worldbank. org/) as calculated by purchasing power parity (constant 2011 international $). Environmental indices including average daily ultraviolet radiation and concentration of particle matter <2.5 lm in diameter (PM 2.5 ) were obtained from the WHO Global Health Observatory data repository (http://apps.who.int/gho/da ta/node.imr).
Definition of variables
The algorithm of calculating DALY has been detailed in GBD 2015 study methodological reports (GBD 2015 DALYs and HALE Collaborators 2016; GBD 2015 Disease and Injury Incidence and Prevalence Collaborators 2016). Crude DALY was calculated by accounting for population size, and the age-standardized DALY has taken age structure and population size into consideration. Human development index (HDI) is a comprehensive indicator for health, education and living standard. The HDI was calculated based on the 4 components: life expectancy at birth, mean years of schooling, expected years of schooling and gross national income per capita. The value of HDI ranges from 0 to 1, with higher value indicating more advanced socio-economic development. The UNDP divided countries into four subgroups, with HDI <0.550, 0.550-0.699, 0.700-0.799, ≥0.800 for low, moderate, high and very high human development (United Nations Development Programme). The ultraviolet radiation was defined as the average daily level of ambient solar ultraviolet radiation (in J/ m 2 ) for the years 1997-2003 by WHO. The PM2.5 concentration was defined as the mean annual concentration of fine suspended particles of <2.5 lm in diameters in a country (lg/m 3 ), which is a common measure of air pollution.
Statistical analysis
Data analyses were performed by using STATA 12.0 SE (Stata Corp, College Station, TX, USA). Sex differences in DALY numbers and crude DALY rate for each age group were evaluated by the Wilcoxon signed rank test. Differences of age-standardized DALY rate across four HDI subgroups were assessed by using Kruskal-Wallis test, followed by post hoc Mann-Whitney-Wilcoxon test. Scatter plots were constructed to inspect the relationship between glaucoma burden and national indices. The linear regression analysis was used to explore the association of age-standardized DALY rate with HDI and its components, logarithmic value of GDP per capita. The health inequality was assessed by Gini coefficient and absolute concentration index, with a larger value indicating higher level of inequality. Gini coefficient assesses absolute inequality, which ranges from 0 (complete evenness) to 1 (complete unevenness). Similarly, the concentration index ranges from 0 (no inequality due to socio-economic development) to 1 (complete inequality due to socio-economic development). We used eight percentiles (Percentile 12.5%, 25%, 37.5%, 50%, 62.5%, 75%, 87.5%, 100%) to construct the geo-maps. A p < 0.05 was considered as statistically significant.
Results
Changes over the last 25 years
The total population increased by 39%, from 5 330 943 thousands in 1990 to 7 383 009 thousands in 2015. The DALY number due to glaucoma increased by 122%, from 243 810 (95% CI: 167 301-336 987) thousands in 1990 to 541 335 (95% CI: 369 497-747 979) thousands in 2015 (Fig. 1A) . The crude DALY rate increased from 4.6 (95% CI: 3.15-6.35) per 100 000 people in 1990 to 7.34 (95% CI: 5.01-10.15) per 100 000 people in 2015 (Fig. 1B) . The age-standardized DALY rate showed increasing trend before 2000, maintained stable between 2000 and 2010, and rose continuously since 2010. The age-standardized DALY rates were 7.26 (95% CI: 5-10.02) per 100 000 people in 1990 and 8.37 (95% CI: 5.74-11.6) per 100 000 people in 2015 (Fig. 1C ).
Age and sex differences in 2015 Figure 2 shows the age and sex trends in DALY numbers and crude DALY rate in 2015. Both male and female showed similar increasing trend with ageing, with the peak at 60 years old and increasing again since 75 years old (Table S1 ). Sex disparities in DALY number were noted, with higher burden among female than male in each age group (Fig. 2A) . Similarly, the female had higher crude DALY rate than male in each age group, and the sex disparity was become more pronounced with increase in age (Fig. 2B ).
Geographical variations in 2015
Figure 3 maps the global distribution of glaucoma DALY in 2015. The crude DALY rate was highest in Russia, Algeria and Egypt, followed by Australia and Western European countries (Fig. 3B) . The age-standardized DALY rate was disproportionately located among countries, which was highest in African countries and lowest in highincome countries (Fig. 3C) . The health burden of glaucoma was unequal, with Gini coefficient of 0.865 for DALY number, 0.235 for crude DALY rate and 0.254 for age-standardized DALY rate, respectively. The corresponding concentration index, calculating based on HDI ordering, was 0.075, 0.154 and 0.125, respectively.
Socio-economic disparities in DALY
The age-standardized DALY due to glaucoma differed across four HDI subgroups (p < 0.001), with significantly dose-response association ( Fig. 4A ; Table S2 ). The age-standardized DALY became higher with the HDI reduction. Linear regression analysis demonstrated that age-standardized DALY rate was significantly associated with HDI, accounting for 22.2% variance across countries (R 2 = 0.222, p < 0.001; Fig. 4B ). Similarly, obvious dose-response was noted for association between age-standardized DALY rate and quartiles of GDP per capita (Fig. 4C) . The GDP per capita was inversely associated with age-standardized DALY rate, but can explain only 10.6% variations in agestandardized DALY rate (R 2 = 0.106, p < 0.001; Fig 4D) . The age-standardized DALY rate due to glaucoma was positively associated with national levels of ultraviolet radiation (Fig. 5A) and PM 2.5 (Fig. 5B) .
Discussion
This study documented the trends and variations of health burden due to glaucoma in terms of age, sex, geography and socio-economic development. The glaucoma burden was unequally distributed. Higher age-standardized DALY rate was associated with lower socio-economic level, which can explain over 20% variations in glaucoma burden across countries. In addition, the levels of ambient ultraviolet radiation and PM 2.5 were positively related to agestandardized DALY rate due to e352 glaucoma. As far as we know, this is the first report to analyse the global patterns of health burden of glaucoma in the context of socio-economic development and other national characteristics.
The DALY quantifies the gap between the actual level and the ideal level of health in a population. It is unlikely that an analysis of overall glaucoma-related DALY information will inform about glaucoma service distribution. Service provision cannot change the rate of onset of glaucoma, and basically, there is no cure. Definitely, early service provision can prevent vision loss due to glaucoma and change the DALY burden. But for that, rather than overall DALYs, per capita DALY loss may be a better indicator since overall DALYs will be high if total population is high.
Substantial parts of health inequality were attributed to socio-economic disparities. Using data of GBD 2004 study, Ono et al. (2010) reported that glaucoma ranked the third leading eye disease with uneven distribution globally. The World Health Survey involving 70 countries demonstrated that the proportion of people with visual difficulty in lowincome countries was two times higher than that in high-income countries (6% versus 2%) (Freeman et al. 2013) . Consistent with previous studies, this study documented substantial health inequality existed in term of glaucoma. We proposed that the African countries with high burden of glaucoma were the prioritized regions for international resource allocation.
We furthered previous regional analysis to a global scale. A hospital-based study showed that the Scottish Index of Multiple Deprivation, a comprehensive indicator for poverty, was closely associated with advanced glaucoma. The author claimed that socio-economic deprivation was the independent risk factor for advanced glaucoma (Ng et al. 2010) . Fraser et al. (2001) reported that both area and individual level deprivation were positively related to late presentation of glaucoma, which further increased the risk for subsequent blindness. The National Health Interview Survey demonstrated that the people with poverty income ratio <1.5 had significantly lower possibility of receiving eye care or pupil dilation examinations in the past 12 months than people with poverty income ratio of 5 or greater. In addition, socio-economic levels were usually associated with educational attainment. It was reported that patient education plays a key role in the adherence of topical glaucoma medication for glaucoma patients in Taiwan (Hwang et al. 2014) . Along with these studies, our study indicated that the socio-economic differences or inequalities contributed to glaucoma service across countries.
This study revealed that the exposure to solar ultraviolet radiation increased the risk for glaucoma. The exfoliation syndrome is the leading cause of secondary angle open glaucoma. Pasquale et al. (2014) examined 185 patients with exfoliation syndrome in the United States and Israel with exfoliation syndrome and 178 control people and reported 11% and 4% increases in the risk of this condition for each increase in latitude and hour spent outdoors, respectively. Further studies are needed to confirm the causative role of ultraviolet light in the glaucoma. Air pollution has been implicated in various health conditions, but its impact on eye health has not been investigated in deeply. PM 2.5 was the most common measure of air pollution. A study in Paris demonstrated that urban pollution was closely correlated with the frequency of ophthalmological emergencies in the area (Bourcier et al. 2003) . Other studies also identified a strong link between air pollution and retinal vasculature, onset of central retinal artery occlusion, spectacles use and ocular surface diseases (Adar et al. 2010; Louwies et al. 2013; Cheng et al. 2016; Hong et al. 2016; Hwang et al. 2016; Dadvand et al. 2017 ). This study firstly revealed a correlation between air pollution and glaucoma. Future studies based on individual data were warranted to confirm or refute this phenomenon.
The strength of this study lies in the acquirement of multiple discipline data and analysis on the global scale. The findings may increase the awareness of glaucoma status and could serve as impetus for continued national and international dialogue and targeting of efforts towards improving glaucoma services. Limitations of this study should also be stressed. Firstly, the Fig. 5 . Associations between health burden of glaucoma and national levels of ultraviolet radiation and suspend particle matters <2.5 lm in diameters.
accuracy of this data especially in low and very low-income countries needs to be confirmed. The GBD used the hierarchical Bayesian meta-analysis to estimate the DALY measures in each country, which was limited by the number and quality of the included population-based studies. Though a number of population-based studies have conducted since 2000, such information remains inadequate from certain countries such as Central Africa, the Caribbean and Latin America. In addition, there was small number of repeated studies for trends estimation. However, the DALY data were obtained from the GBD 2015 study, which is the most standardized and accurate system for assessing disease burden. Secondary, the statistical analysis was based on country level, which may introduce ecological fallacy. Variations in disease burden, socio-economic development, environmental and climate characteristics may exist in a country. Thirdly, the confounders may be inadequately controlled because of unavailability of the data, such as culture, climate and season, green spaces, lifestyles and genetic factors (Wang et al. 2016a,b; Qassim et al. 2017) . Further studies based on data at individual level may obtain more accurate estimations. Finally, the geographical distribution of undiagnosed and untreated glaucoma may be informative for glaucoma services. Currently, few studies reported the burden of undetected and/or untreated glaucoma. In United States people with 40 years or older, 2.9% have undetected and untreated glaucoma (Shaikh et al. 2014) . In Australian patients with glaucoma, only 28.0-2.4% self-reported a known history of glaucoma (Keel et al. 2019) . In Sweden population, the prevalence of undetected glaucoma was 1.23% (Heijl et al. 2013) . Therefore, the health burden of glaucoma was underestimated in considering the high rates of undetected glaucoma.
Conclusions
In summary, the health burden of glaucoma continuously increased in the past 25 years and distributed unequally. Higher age-standardized DALY rate was associated with lower socio-economic level, which can explain over 20% variations in glaucoma burden across countries. In addition, older age, female, higher ambient ultraviolet radiation and higher level of air pollution were significantly associated with higher burden of glaucoma. These findings raised the awareness of glaucoma burden and were important for policy planning for glaucoma service on the global scale.
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